During the process of genomic duplication, specialized enzymes called primases synthesize short RNA oligonucleotides that serve as 'primers' for DNA polymerases. The only human primase characterized to date (Polα-primase) initiates synthesis of the leading strand at each origin and synthesis of each Okazaki fragment in the lagging strand. RNA oligonucleotides made by primase are extended with dNTPs by Polα until a length of about 30 nucleotides and then passed on to polymerases Polδ and Polε 1 . The bulk of DNA synthesis is carried out by these processive polymerases, which are part of large 'replisome' structures that include the Cdc45-GINS-MCM (CMG) DNA helicase and multiple accessory proteins 2-4 . Despite their biochemical complexity, eukaryotic forks move at remarkable speeds, 1.5 kb/min on average 5 . Fork progression can be challenged by natural elements (for example, unusual DNA structures caused by sequence repeats or collision with the transcriptional machinery) or by lesions in the template DNA, such as base modifications, interstrand crosslinks or intrastrand adducts. In these situations, several responses have evolved to stabilize the replisome machinery, preventing its irreversible collapse that frequently results in doublestrand breaks [6] [7] [8] .
electron microscopy 11 has been reported in bacteria, yeast and mammalian cells, particularly after UV irradiation [12] [13] [14] [15] [16] [17] . This mechanism strictly requires a primase activity, to reinitiate DNA synthesis ahead of the lesion. The identity of the protein responsible for this activity remains unknown.
The product of CCDC111 (PRIMPOL) gene, which contains the conserved motifs characteristic of the Archaeo-Eukaryotic primases (AEP) family 18 , has been recently characterized as a second primase in human cells, the first capable of using dNTPs to make primers 19 . PrimPol is not only a DNA primase but also a TLS DNA polymerase as it tolerates templates with abasic sites or 8-oxoguanine modifications. Because a fraction of endogenous PrimPol is localized in the nucleus and the mitochondrial network, it has been postulated that it would have a role in tolerance of damage in both cellular compartments. Indeed, PrimPol gene silencing or ablation affects mitochondrial DNA replication 19 . In this work we investigated the possible function(s) of PrimPol during nuclear DNA replication. We report that its primase activity is a key element in promoting reinitiation of DNA synthesis when fork progression is challenged by UV irradiation or nucleotide attrition.
RESULTS

UV irradiation enhances PrimPol binding to chromatin
PrimPol mRNA expression peaks at G1-S phase, but the protein levels remain constant throughout the cell cycle (Supplementary Fig. 1a ). Biochemical fractionation assays in synchronized cell cultures revealed that a fraction of PrimPol associated with nuclear chromatin mainly during the G1 and S phases of unperturbed cell cycles (Fig. 1a) . The amount of PrimPol on chromatin increased upon 1 3 8 4 VOLUME 20 NUMBER 12 DECEMBER 2013 nature structural & molecular biology a r t i c l e s cellular exposure to replication inhibitor HU or UV irradiation ( Fig. 1b and Supplementary Fig. 1b) . We detected recruitment of PrimPol to chromatin in the presence of caffeine (an inhibitor of ATR and ATM kinases) or UCN-01 (an inhibitor of Chk1 kinase), suggesting that it occurs independently of the ATR-Chk1 checkpoint ( Supplementary  Fig. 1c ). To investigate whether PrimPol is specifically recruited to sites of DNA damage, we transiently expressed a GFP-tagged PrimPol in HeLa or U20S cells and irradiated individual nuclei with an UV-A laser beam to locally induce DNA lesions. PrimPol was rapidly recruited to the laser path in both cell lines ( Fig. 1c and Supplementary Fig. 1d ) and colocalized with other proteins known to associate with damaged DNA such as PCNA and 53BP1 (Fig. 1d) . These data suggest that PrimPol directly participates in the cellular response to DNA damage during chromosomal replication.
Replication stress and genomic instability upon PrimPol loss
To investigate PrimPol function, we generated stable cell lines carrying an inducible shRNA targeting the 3′ UTR of PRIMPOL gene (HeLa-, U2OS-and HDF-shPrimPol cells). In the presence of doxycycline, PrimPol was efficiently downregulated (Fig. 2a) , and cells proliferated at a slightly slower pace without accumulating at any specific cell cycle stage ( Fig. 2b and Supplementary Fig. 2a,b) . Global incorporation of bromodeoxyuridine (BrdU) into nascent DNA was not affected (Supplementary Fig. 2c ), but the percentage of cells displaying RPA foci almost doubled (Fig. 2c) . Persistent RPA foci are normally indicative of replication stress, and we confirmed their presence in mouse embryonic fibroblasts (MEFs) derived from Ccdc111 −/− (Primpol −/− ) embryos 19 (Fig. 2d) . Another indication of replication stress was the higher intensity of γH2AX staining we observed by high-throughput confocal microscopy upon downregulation of PrimPol (Fig. 2e) . After several division cycles in the absence of PrimPol, genetic instability was evidenced by the frequency of mitotic figures with misaligned and lagging chromosomes (Supplementary Fig. 2d ) and the high percentage of interphase cells displaying micronuclei (Fig. 2f) . Again, we observed these phenotypes in Primpol −/− MEFs ( Fig. 2f and Supplementary  Fig. 2e ). In addition, primary T lymphocytes isolated from Primpol −/− mice and stimulated to proliferate ex vivo in the presence of aphidicolin showed a higher index of chromosomal breaks, gaps and fusions ( Fig. 2g and Supplementary Fig. 2f,g ). Therefore, genomic stability is compromised upon depletion of PrimPol in cultured cells.
PrimPol assists fork progression in an unperturbed S phase
Because PrimPol associated with chromatin in S phase and its downregulation caused replicative stress, we next analyzed the dynamics of DNA replication in HeLa-shPrimPol cells using stretched fibers 20 . We sequentially labeled cells growing in culture with two halogenated nucleotide analogs, chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU), which we later detected by immunofluorescence. In the DNA fibers, moving forks are detected as bicolor tracks (magenta for CldU and green for IdU), and track length is proportional to the fork progression rate (FR; Fig. 3a) . In addition, replication origins can be located as tricolor (green-magenta-green) tracks or at the intermediate point between two closely positioned forks moving away from each other 20 . First, we observed that FR was slower after PrimPol downregulation (median value of 0.47 kb/min, compared to 0.76 kb/min in control conditions; Fig. 3a,b) . We confirmed the specificity of this effect by reintroduction of a plasmid encoding exogenous V5-tagged PrimPol, which resulted in normal FR values. In contrast, reintroduction of a PrimPol in which the two catalytic carboxylate residues Asp114 and Glu116 have been changed to alanines (' AxA' variant 19 ), rendering the protein inactive, failed to recover normal FR values despite similar levels of protein expression ( Fig. 3b  and Supplementary Fig. 3a) . Lower FR, also observed in Primpol −/− MEFs (Fig. 3c) , could be explained by a higher frequency of fork stalling or a delay in the 'clearance' of stalled forks. In these assays we noticed that single-color first-label (magenta) tracks, which can only be generated by arrested forks or termination events, were more abundant in the absence of PrimPol (Fig. 3d) . We also predicted that a higher frequency of stalled forks should induce the compensatory activation of 'dormant' origins [21] [22] [23] . Indeed, the average inter-origin distance (IOD) was significantly reduced upon downregulation of PrimPol (median of 60 kb, compared to 105 kb in control) or genetic ablation in MEFs (median of 84 kb in Primpol −/− cells, compared to 135 kb in control; Fig. 3e) . Together, these results show that PrimPol operates during the S phase, facilitating fork progression even in the absence of exogenous sources of DNA damage. npg a r t i c l e s
PrimPol mediates fork restart at UV light-induced lesions
We devised a variation of the DNA fiber assay to monitor the ability of replication forks to progress through specific challenges. We pulse-labeled HeLa-shPrimPol cells with CldU (magenta) and then irradiated them with UV light (30 J/m 2 ) before pulse-labeling them with IdU (green). In this setting, forks arrested by UV irradiation have incorporated only the first analog, whereas those that continued DNA synthesis should be labeled with both analogs (Fig. 4a) . Loss of PrimPol markedly reduced the percentage of forks displaying continuous synthesis (Fig. 4b) . This phenotype was fully reversed by cotransfection of a plasmid encoding wild-type PrimPol, but not the AxA catalytic variant (Fig. 4b) . We observed similar effects when fork Fig. 3b,c) . This result is in agreement with the enhanced association of PrimPol with chromatin in response to this inhibitor (Fig. 1b) . We confirmed the partial failure to restart arrested forks upon UV irradiation or HU treatment with Primpol −/− MEFs ( Fig. 4c and Supplementary Fig. 3c) . We also confirmed all the effects of PrimPol loss on FR, IOD and fork rescue in human diploid fibroblasts ( Supplementary Fig. 3d-g ). These results indicate that PrimPol exerts its function by reestablishing DNA synthesis at forks that have been challenged by UV irradiation or dNTP attrition.
Translesion synthesis across UV light-induced photoproducts
Next, we ascertained the biochemical mechanism used by PrimPol to reestablish DNA synthesis at stalled forks. In vitro, PrimPol displays both DNA primase and DNA polymerase activities, the latter capable of dealing with abasic sites and oxidized bases as 8-oxoguanine 19 . Given the possible role of PrimPol in mediating fork progression after UV irradiation, we tested whether PrimPol displayed TLS activity on the two main types of template lesions caused by UV irradiation. Purified PrimPol could synthesize DNA across templates carrying either cyclobutane pyrimidine dimers (CPD) or (6-4) pyrimidine 4)pp; Fig. 5a,b) . This property is in stark contrast with that of replicative Polε, which was completely blocked by the presence of either lesion (Supplementary Fig. 4) .
Although PrimPol bypassed the (6-4)pp lesion with high efficiency, the main elongation product was shorter (11 nucleotides added to the primer) than the expected full-length product (+17 nucleotides). The small amount of full-length product suggested that the damaged bases were not copied during primer extension (Fig. 5b) . We confirmed the accumulation of incomplete products in 'standing-start' assays in which the primer hybridizes just before the damaged nucleotide (Supplementary Fig. 5a ). In these conditions, bypass of the (6-4)pp adduct strictly depended on the incorporation of dCTP, which is complementary to the template guanine located five positions downstream of the lesion, followed by incorporation of dTTP and dGTP. These results indicate that PrimPol has realigned the primer end to a downstream position, effectively looping out the lesion without copying it (Supplementary Fig. 5b-e) . This property of PrimPol has also been reported when it bypasses abasic sites 19 . Therefore, in addition to its primase activity, PrimPol has the biochemical potential to bypass CPD or (6-4)pp lesions by performing a 'pseudo-TLS' reaction facilitated by flanking microhomologies.
Restart of stalled forks requires PrimPol primase activity
To evaluate the relative contribution of PrimPol primase and TLS polymerase activities in vivo, we took advantage of a truncated version lacking the C-terminal domain that contains the Zn-finger element (Supplementary Fig. 6a ). In this '∆Zn' variant, primase activity was largely abolished (Fig. 5c) , but polymerase activity on normal and damaged templates was preserved ( Fig. 5d and Supplementary Fig. 6b) . To control for possible secondary effects of deleting the entire C-terminal domain, we made a double point mutant (CH) in two conserved Zn finger residues; this variant had the same biochemical properties as ∆Zn (Fig. 5c,d and Supplementary Fig. 6a,b) . Thus, both ∆Zn and CH turned out to be 'separation of function' mutants in PrimPol. Reintroduction of these primase-dead, polymerasecompetent versions into HeLa-shPrimPol cells (Fig. 5e) did not rescue any of the phenotypes caused by loss of endogenous PrimPol. We did not observe physiological FRs (Fig. 5f) , and the frequency of fork recovery upon UV or HU remained lower ( Fig. 5g and Supplementary  Fig. 6c ). These results indicate that the primase activity of PrimPol is the activity required in vivo to resume DNA synthesis at arrested forks, thus implying the synthesis of new primers. By comparison, downregulation of Prim1, the small subunit of Polα-primase complex containing the primase active site, had a modest effect on the ability of stalled forks to continue DNA synthesis ( Fig. 6a ; compare black and dark gray bars). It should be noted, however, that Primase 1 could only be partially downregulated because of its essential function during DNA replication.
PrimPol and TLS Polh have non-overlapping functions
Finally, we compared the efficiency of PrimPol in promoting fork restart in vivo with that of bona fide TLS Polη, specialized to synthesize DNA through templates damaged by UV irradiation [24] [25] [26] . Polη downregulation impaired fork progression after UV irradiation to a similar extent compared to the loss of PrimPol (Fig. 6b , compare dark and light gray bars). The simultaneous downregulation of PrimPol and Polη enhanced the phenotype (Fig. 6b, white bar) . The effect of the combined knockdown was not as large as the sum of the individual ablation of PrimPol and Polη, but this could be due to the slightly lower levels of downregulation. This result suggests that PrimPol and Polη are not epistatic and perform separate functions during bypass of UV light-induced lesions.
DISCUSSION
The two main mechanisms to replicate damaged DNA in eukaryotic cells are based on translesion synthesis or homologous recombination events. It has been debated whether these reactions take place at the fork, as the replisome is passing through the damaged site, or whether In the presence of a UV irradiationinduced lesion in one of the two DNA strands, the uncoupling of helicase and polymerase may generate a stretch of ssDNA that is rapidly covered by RPA, which likely serves to recruit PrimPol. Once at the site of damage, PrimPol uses its primase activity to reinitiate a new DNA strand ahead of the lesion, leaving an unreplicated ssDNA gap behind. Alternatively, PrimPol could operate as a TLS polymerase and bypass the lesion directly, although this reaction is inefficient and likely involves a primer-realignment event.
Immunoblot data are representative of three experiments (a,b), data from which were pooled for the histogram analyses. Error bars, s.d. NS, not significant. *P < 0.05, **P < 0.01 and ***P < 0.001 (Student's t-test). npg a r t i c l e s lesions are initially bypassed and left to be repaired at a later time 9 . These models are not mutually exclusive, but evidence is accumulating in support of the latter. In yeast, postreplicative ssDNA gaps have been visualized by electron microscopy in UV-irradiated cells 11 , and genetic experiments have shown that damage tolerance mechanisms can operate uncoupled from DNA replication 27, 28 . In chicken DT40 cells, fork progression rates were largely unaffected by disruption of Polη or other TLS components, except for REV1, which provides a noncatalytic function during S phase 29 . In mammalian cells, UV irradiation did not cause persistent fork stalling in cells defective in Polη, but an assay in denaturing conditions revealed the existence of ssDNA gaps in replicated DNA that could collapse into double-strand breaks if not rapidly filled 14 .
The lesion-skipping mechanism requires a primase activity to reinitiate DNA synthesis ahead of the damaged site. It could be argued that such a role could be performed by the same primase operating at the origins and Okazaki fragments (for example, dnaG in Escherichia coli, Polα-primase in eukaryotes). However, as recently reported, mammalian cells encode a second primase 19 that is functionally related to Archaeal primases but also to bifunctional enzymes having both primase and polymerase activities, a phylogenetically more distant clade belonging to the AEP superfamily 18 . Likely, these enzymes are primitive ancestors of the DNA replication machinery in which two, or even the three basic biochemical activities required at a replication fork (helicase, primase and polymerase) were combined in a single polypeptide. The first protein of this family to be described, encoded by plasmid pRN1 of the archaea Sulfolobus islandicus, has an N-terminal region that contains primase and polymerase activities and a C-terminal region that contains a DNA helicase 30 . A similar multifunctional arrangement has been found in poxvirus D5 protein 31 and in Bacillus cereus BcMCM, encoded by a prophage integrated in the bacterial genome 32, 33 . Human PrimPol also displays primase and polymerase activities but is not a helicase. In all these cases, the primase activity preferentially uses dNTPs, instead of the NTPs required for conventional RNA primases. This specificity of PrimPol enzymes as 'DNA primases' is well-suited for a function in repriming DNA synthesis during continuous elongation (for example, leading-strand synthesis, rolling-circle replication and mitochondrial DNA replication) as it minimizes the need for RNA processing 19 .
As shown in this study, PrimPol associates with nuclear chromatin during G1 and S phase, and the rate of fork progression is reduced by its downregulation, even in the absence of exogenous stress. Therefore, we propose that PrimPol has a role during normal DNA replication, probably monitoring fork progression through slow replication zones or other natural challenges. In favor of this notion, PrimPol is needed to rescue forks stalled by HU, which causes temporary dNTP attrition. Our study also showed that PrimPol is rapidly recruited to sites of DNA damage induced by UV irradiation, independently of the checkpoint response. The precise mechanism of PrimPol recruitment remains to be understood, but it could be mediated directly or indirectly by the ssDNA stretches generated by the temporal uncoupling of the DNA helicase and polymerase when the fork hits a damaged site. It is worth mentioning that a mass spectrometry-based search for PrimPol-interacting factors has identified the three components of ssDNA-binding protein RPA after PrimPol immunoprecipitation (S. Mourón, K. Jodkowska, J. Muñoz and J. Méndez; unpublished data).
Once recruited to the site of damage, PrimPol provides arrested forks with two potential mechanisms to move forward: the synthesis of a new primer to reinitiate DNA synthesis downstream of the damage or direct bypass over the lesion using a TLS-like activity (Fig. 6c) .
Our data strongly support the first mechanism, based on the following considerations. First, primase-null PrimPol versions with intact TLS polymerase activity failed to rescue the deficiency in fork progression caused by loss of endogenous PrimPol (Fig. 4 and 5, and  Supplementary Fig. 6c) . Second, the TLS activity on templates containing CPD and (6-4)pp lesions was largely incomplete, with the damaged nucleotides probably being looped out rather than copied ( Fig. 5  and Supplementary Fig. 5) . Third, the fact that PrimPol and Polη, known to efficiently bypass CPD lesions 24, 25 have nonredundant functions during rescue of stalled forks in vivo (Fig. 6) . Acording to our data, most UV irradiation-derived lesions will be initially bypassed during DNA replication by repriming events carried out by PrimPol and repaired post-replicatively by Polη, or possibly by homologous recombination if a double-strand break has been generated.
The identification of PrimPol as a new enzyme whose primase activity promotes lesion bypass during nuclear DNA replication opens several questions for the immediate future. Solving the threedimensional structure of human PrimPol will allow a comparison of its active site with those of PrimPol domain of Sulfolobus islandicus pRN1 (ref. 30 ) and the catalytic subunit (Prim1) of the human RNA primase 34 , with the goal of understanding the underlying structural features behind its biochemical properties. It will also be very interesting to define the long-term consequences of PrimPol ablation for a mammalian organism and to search for specific PrimPol mutations in human diseases, such as those recently reported in association with high myopia 35 . Finally, if PrimPol was generally involved in other types of DNA-damage tolerance, its inactivation might increase the efficiency of genotoxic drugs used in chemotherapy.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Antibodies. Anti-PrimPol antibodies (used at an experimental dilution 1:500) were generated in NZW rabbits immunized with a KLH-conjugated peptide corresponding to the 14 C-terminal amino acids of human PrimPol and affinity-purified against the peptide used as antigen 19 (Thermo Fisher Scientific). Anti-Mcm2 (1:2,000) has been described 36 . The following commercial antibodies were used: 53BP1 (Novus Biologicas NB-100-304; 1:500), BrdU (FITCconjugated, BD Pharmingen 556028; 1:50), CldU (rat monoclonal anti-BrdU, Abcam ab6326; 1:100), CTCF (Millipore 07-729; 1:1,000), γH2AX (Millipore 05-636; 1:200), IdU (mouse monoclonal anti-BrdU, BD 347580; 1:100), Mek2 (BD Biosciences Pharmingen 610236; 1:2,000), PCNA (Santa Cruz SC-56; 1:1,000), Polη (Abcam ab17725; 1:1,000), Prim1 (p48 Primase, Cell Signaling 8G10; 1:1,000), RPA32 (Cell Signaling 2208S; 1:200), ssDNA (Millipore MAB3034; 1:100), α-tubulin (Sigma T9026; 1:500), γ-tubulin (Sigma T5326; 1:1,000) and V5 (Invitrogen 46-0705; 1:1,000). Secondary antibodies used for immunofluorescence were from Invitrogen Molecular Probes and used at a 1:200 dilution: anti-rabbit IgG AF-488 (chicken), anti-mouse IgG AF-488 (goat) and AF-647 (donkey), anti-rat IgG AF-488 (chicken) and AF-594 (goat), antimouse IgG2a AF-647 (goat). Horseradish peroxidase-linked ECL anti-rabbit IgG (GE Healthcare NA934V) and anti-mouse IgG (GE Healthcare; NA931V) were used at 1:5,000. For all commercial antibodies, validation and specificity examples are provided in the manufacturer's instructions.
Cell lines and manipulations. HeLa and U2OS were obtained from the Spanish National Cancer Research Center repository. HDF (human diploid fibroblasts) were provided by M. Soengas (Spanish National Cancer Research Center) and MEFs (mouse embryonic fibroblasts) were specifically generated for this study. All cells were grown in DMEM supplemented with 10% FBS plus penicillinstreptomycin. Cell lines were tested monthly for mycoplasma contamination. T lymphocytes were isolated from mouse spleen using CD43 (Ly-48) magnetic microbeads (Miltenyi Biotec) and cultured in RPMI supplemented with 10% FBS, 10 mM HEPES, 50 µM β-mercaptoethanol and 3 µg/ml Concanavalin A (Sigma) to stimulate proliferation.
Stable cell lines HeLa-shPrimPol, U2OS-shPrimPol and HDF-shPrimPol were generated by infection of a TRIPZ lentiviral vector carrying an inducible shRNAmir targeting the sequence 5′ TGCTGTTGACAGTGAGCG in the 3′ untranslated region (UTR) of PRIMPOL gene (Open Biosystems). Expression of PRIMPOL shRNAmir was induced with 1 µg/ml doxycyclin (Dox) for 3 d. For PRIM1 and POLH downregulation, GIPZ lentiviral shRNAmir vectors targeting the sequence 5′ ATATCTTGATTAACCAAGG in the 3′ UTR of Prim1 and 5′ TGCTTTAGAGGATTCTTCT in the 3′ UTR of the gene encoding Polη were used (Open Biosystems). DNA sequences encoding wild-type (WT) PrimPol, AxA, a Zn-finger mutant (CH) and ∆Zn were cloned into Gateway expression vectors introducing an N-terminal V5 or GFP tag (Invitrogen). Transient transfections were performed using Lipofectamine 2000 (Invitrogen).
For cell proliferation assays, aliquots of 0.8 × 10 5 cells were seeded in complete medium and counted every 2 d in a hemocytometer. When indicated, cells were treated with either 10 µM aphidicolin (Sigma) or 2 mM hydroxyurea (Sigma) for 2 h, or irradiated with UVC (30 J/m 2 ) or γ-IR (10 Gy) half an hour or an hour, respectively, before harvesting. To inhibit the ATR-Chk1 checkpoint response, 7.5 mM caffeine (Sigma) or 0.4 µM UCN-01 (Sigma) were added to the medium 1 h before the addition of HU. To achieve culture synchronization, cells were incubated with 2.5 mM thymidine (Sigma) for 20 h and released in fresh medium for 0 h (G1-S phase), 5 h (S phase), 9 h (G2-M phase) and 14 h (following G1 phase). For DNA-content analysis, cells were fixed in 70% ethanol, washed in PBS and stained with 50 µg/ml propidium iodide (Sigma) in the presence of 10 µg/ml RNase A (Qiagen). For the cytometry detection of BrdU incorporation, 10 µM BrdU (Sigma) was added to the medium for 30 min before cell harvesting. Fixed cells were treated with 2 M HCl for 20 min, and BrdU was immunolabeled with FITC-conjugated anti-BrdU. Flow cytometry data were acquired in a FACSCanto cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star Inc.).
Quantitative PCR. Total RNA was extracted with Trizol (Invitrogen), treated with DNAse I and subjected to standard purification with phenol: chloroform. 4 µg of total RNA were used for random-priming cDNA synthesis with SuperScript II (Invitrogen). Quantitative PCR was performed with Power SYBR Green master mix (Applied Biosystems) according to manufacturerer's instructions.
Extract preparation, biochemical fractionation and immunoblots.
Whole-cell extracts were prepared by direct suspension of cells in Laemmli buffer followed by three pulses of sonication for 15 s at 15% amplitude (Branson Digital Sonifier). Biochemical fractionation was performed as described 37 . SDS-PAGE, protein transfer to nitrocellulose membranes and immunoblots were performed using standard protocols 38 . Immunoblot signals were quantified using ImageJ software 39 .
Immunofluorescence microscopy. Cells grown on glass coverslips were fixed in 4% paraformaldehyde (PFA) for 10 min and permeabilized with 0.5% Triton X-100 (10 min at room temperature (RT)). Coverslips were incubated in blocking solution (3% bovine serum albumin (BSA) in PBS) for 30 min. Primary antibody solution was applied for 1 h at RT. For RPA, PCNA and 53BP1 immunostaining, soluble proteins were preextracted before fixation in CSK buffer (10 mM Pipes-KOH pH 7.0, 100 mM NaCl, 300 mM sucrose and 3 mM MgCl 2 ) supplemented with 0.5% Triton X-100. Cell nuclei were stained with DAPI (Sigma). Coverslips were mounted onto glass microscope slides using Mowiol (Calbiochem). Images were acquired in a Leica-TCS SP5X confocal microscope, with a HCX PL APO 63× 1.4 numerical aperture (NA) oil-immersion objective using LAS AF version 2.5.1 software. To estimate RPA foci-positive cells, 800-1,000 HeLa-shPrimPol nuclei (300-500 MEFs) were scored in each condition. To estimate the abundance of misaligned or lagging chromosomes, 100-200 cells at metaphase and 50 cells at anaphase were scored in each assay. For micronuclei, 1,000 cells at interphase were scored in each assay.
High-throughput microscopy analysis. HeLa cells were grown on µCLEAR bottom 96-well plates (Greiner Bio-One) and γH2AX immunofluorescence was performed using standard procedures 38 . Images were automatically acquired from each well by an Opera High-Content Screening System (PerkinElmer) with an APO 20×, 0.7 NA water-immersion objective. Images were analyzed with Acapella software (PerkinElmer). Nuclei were segmented using the DAPI staining, and then γH2AX intensity was measured within the nuclei mask.
Live cell imaging. HeLa and U2OS cells expressing GFP-tagged PrimPol were grown on chambered coverslips (Ibidi) at 37 °C and 5% CO 2 . Cells with intermediate fluorescence level were selected to be locally microirradiated with a 405-nm diodide laser. Hoeschst 33342 (Invitrogen) was added to the medium at 20 ng/ml before irradiation. Nuclear damage was induced with two pulses of laser at 60% AOTF. Images were taken every 1 min during 60 min using a Leica-TCS SP5X confocal microscope, with a HCX PL APO 63×, 1.3 NA glycerol-immersion objective using LAS AF version 2.5.1 software. Live cell imaging was carried out in parallel with cells expressing GFP-tagged 53BP1 and H2Ab, as positive and negative controls of response to laser, respectively.
Preparation of mitotic spreads. T-lymphocyte culture medium was supplemented with 0.4 µM aphidicolin for 24 h and then with 0.1 µg/ml colcemid (Gibco) for 2 h. Cells were incubated in a hypotonic solution (75 mM KCl) for 20 min at 37 °C, fixed with 3:1 methanol:acetic acid, dropped onto microscope slides and stained with 5% Giemsa (Sigma). Images were recorded with an Olympus BX microscope and CytoVision 3.1 software (Applied Imaging Corporation). In each assay, 80 metaphase cells were scored for chromosome breaks, gaps or fusions.
Single-molecule analysis of DNA replication in stretched fibers. Cells growing exponentially in culture were pulse-labeled with 50 µM CldU (20 min) followed by 250 µM IdU (20 min). Labeled cells were harvested and resuspended in 0.2 M Tris pH 7.4, 50 mM EDTA and 0.5% SDS. Stretched DNA fibers were prepared as described 40 with minor modifications. A detailed protocol is available on request. To evaluate fork restart, cells were first pulsed with CldU for 20 min and then irradiated with UVC (30 J/m 2 ) or treated with 5 mM HU (Sigma) for 5 h. 30 min after exposure to UV light, or immediately after the HU incubation, cells were pulsed with IdU for 20 min in fresh medium. For immunodetection of labeled tracks, fibers were incubated with primary antibodies for 1 h at RT and the corresponding secondary antibodies for 30 min at RT, in a humidity chamber. 
